Two controls (n = 368) who were alive at the time the case was diagnosed were selected for each case and matched by age, race, sex, and calendar date of blood draw (to control for seasonal variation). We calculated odds ratios (OR) and 95% confidence intervals (95% CI) using conditional logistic regression, adjusting for smoking and body mass index. Vitamin D concentrations were not associated with pancreatic cancer overall (highest versus lowest quintile, >82.3 versus <45.9 nmol/L: OR, 1.45; 95% CI, 0.66-3.15; P trend = 0.49). However, positive associations were observed among subjects with low estimated annual residential solar UBV exposure, but not among those with moderate to high annual exposure (P interaction = 0.015). We did not confirm the previous strong positive association between 25(OH)D and pancreatic cancer; however, the increased risk among participants with low residential UVB exposure is similar.
Introduction
For most people, more than 90% of their vitamin D status is produced endogenously from exposure of the skin to solar UVB light (280-320 nm) synthesizing cutaneous production of precursors to 25-hydroxyvitamin D [25(OH)D; refs. [1] [2] [3] [4] . Dietary sources of vitamin D include cholecalciferol (D 3 ) that occurs naturally in some animal foods (i.e., fatty saltwater fish, liver, and egg yolk), ergocalciferol (D 2 ) from plants used in pharmaceutical preparations, and fortified foods (D 2 and D 3 ) such as milk and margarine (5) . Dietary sources, however, are relatively weak predictors of vitamin D status (6) . 25(OH)D is the major circulating vitamin D metabolite and the best indicator of vitamin D exposure and status as determined by the sun and diet (7) . Some ecological studies have shown residing in geographic areas with greater sun exposure is correlated with lower death rates for pancreatic cancer in Caucasian (3, 4, 8) , Japanese (2, 9) , and African-American (1) populations. Several factors associated with reduced 25(OH)D status, such as age, obesity, and African-American ethnicity (10) , have also been associated with pancreatic cancer. These observations have contributed to the hypothesis that higher vitamin D status may be related to lower pancreatic cancer risk.
There is experimental evidence suggesting that vitamin D may have anticarcinogenic properties, including for exocrine pancreatic cancer (11) (12) (13) (14) (15) (16) (17) . Extrarenal synthesis of 1,25 α-dihydroxyvitamin D [1, 25(OH) 2 D], the hormonally active vitamin D form, is involved in autocrine and paracrine regulation of cell differentiation, proliferation, apoptosis, and angiogenesis, processes implicated in carcinogenesis (5) . Expression of 25(OH)D 3 -1α-hydroxylase, the enzyme that catalyses 25(OH)D to 1,25(OH) 2 D, has been observed in pancreatic duct cells, and normal and adenocarcinomatous tissue (18) (19) (20) . Pancreatic cancer cell line growth is inhibited by 25(OH)D 3 (19, 20) . 1,25 Vitamin D analogues inhibit pancreatic cancer cell proliferation, induce differentiation, and promote apoptosis in vitro (11, 12) and inhibit pancreatic tumor growth in vivo (16, 17) . Pancreatic islet cells possess vitamin D receptors (VDR) and express 25(OH)D 3 -1α-hydroxylase (21) and in vitro evidence supports the involvement of vitamin D in the regulation of insulin synthesis, binding, and responsiveness (22, 23) . Endocrine pancreatic function may have implications in pancreatic carcinogenesis because diabetes and higher glucose and insulin concentrations have been linked to pancreatic cancer development in epidemiologic (24) (25) (26) and experimental studies (27) . Therefore, it is possible that 25(OH)D status could affect pancreatic function and play a role in pancreatic cancer etiology.
The results from recent epidemiologic studies examining associations between vitamin D intake, predicted 25(OH)D status score, or biochemically measured 25(OH)D status and pancreatic cancer, however, have been conflicting. Two prospective studies suggested protective associations for pancreatic cancer with higher total vitamin D intake (28) and predicted vitamin D status score, calculated from six determinants of 25(OH)D (dietary and supplementary vitamin D, skin pigmentation, adiposity, geographic residence, and leisure activity; ref. 10) . The greatest limitation of these studies is that vitamin D status was not directly measured. In contrast, a nested casecontrol study conducted in the Alpha-Tocopherol, Beta-Carotene (ATBC) Study population of male Finnish smokers found that higher vitamin D status, as determined by prediagnostic 25(OH)D measured in cases and controls, was associated with a significant close to 3-fold increased risk for pancreatic cancer and with a significant positive trend (29) . The risk was stronger among men who had their blood collected during the winter months (29) . This finding was unexpected and needs replication. In addition, the results may not be generalizable to nonsmokers, women, or populations residing at geographic latitudes lower than Finland with higher vitamin D status (29) .
Given the conflicting results from the recent epidemiologic studies examining vitamin D and pancreatic cancer, we conducted a nested case-control study in the Prostate, Lung, Ovarian, and Colorectal Cancer Screening Trial (PLCO) cohort of men and women to test whether prediagnostic serum 25(OH)D concentrations were prospectively associated with risk of incident pancreatic cancer. The PLCO study is a large, multicenter randomized trial that includes participants residing in regions at varying latitudes throughout the United States.
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Materials and Methods

Study design and population
The PLCO cohort has been previously described in detail (30) . Briefly, PLCO is a large, randomized multicenter trial in the United States (Birmingham, AL; Denver, CO; Detroit, MI; Honolulu, HI; Marshfield, WI; Minneapolis, MN; Pittsburgh, PA; Salt Lake City, UT; St. Louis, MO; and Washington, DC) that is testing the effectiveness of early detection procedures for prostate, lung, colorectal, and ovarian cancer. Randomization of 152,810 men and women aged 55 to 74 y began in November 1993 and was completed in July 2001. Subjects with a personal history of one of the four PLCO cancers or those currently undergoing treatment for any cancer, except nonmelanoma of the skin, as well as subjects who had been screened for prostate or colorectal cancer during the prior 3 y were excluded from the trial. Subjects randomized to the intervention arm underwent periodic cancer screening tests, including chest Xray, flexible sigmoidoscopy, prostate-specific antigen, and digital rectal exams (men) and cancer antigen 125 and transvaginal ultrasound (women). Participants in the control arm followed their usual medical care practices. The study was approved by the institutional review boards of the 10 screening centers as well as the U.S. National Cancer Institute. All participants provided informed consent.
Ascertainment of case and control selection
Vital status of cohort participants and pancreatic cancer cases was identified by selfreport in the annual mail-in survey, state cancer registries, death certificates, physician referrals, and reports from next of kin for deceased individuals. All medical and pathologic records related to pancreatic cancer diagnosis and supporting documentation were obtained and abstracted by trained medical record specialists for cancer confirmation. For these analyses, we included incident primary adenocarcinoma of the exocrine pancreas (International Classification of Diseases for Oncology, 3rd edition code C250-C259). Our case definition excluded endocrine pancreatic tumors (histology type, 8150, 8151, 8153, 8155, 8240) because the etiology of these cancers is thought to be different from exocrine pancreas. One hundred eighty-four incident cases of pancreatic adenocarcinomas occurred between 1994 and 2006 (follow-up to 11.7 y; median, 5.4 y). One hundred sixty-six pancreatic cancer cases (90.2%) were confirmed through medical review. Analyses that excluded the nonconfirmed cancers did not noticeably differ from those based on all cases; therefore, we included all ascertained cases in our analysis to increase the statistical power.
Controls were selected from all PLCO study participants with serum samples and who were alive at the time the case was diagnosed. Two controls were matched to each case by age (±5 y), race, sex, and calendar date of blood draw in 2-mo blocks (to control for seasonal variation in the analysis).
Biomarkers
Nonfasting blood samples were collected using a 10 mL red top blood tube at study year T0 from the intervention arm participants and processed within 2 h of collection, either on site or at a designated processing laboratory into fractions, and stored at −70°C. Aliquoted frozen samples were sent to Heartland Assays (Ames, IA) and analyzed using a RIA method for 25(OH)D status (31) , which includes vitamin D 2 and D 3 from plant and animal foods, as well as that synthesized endogenously. Case and control specimens were handled in the same standard manner, and the laboratory was blinded to casecontrol status. Matched serum case and control samples were analyzed consecutively as triplets within batches and blinded replicate -phantom‖ samples from two pooled samples were placed in triplicate toward the beginning and end of each batch and comprised 10% of each batch. Using a nested components of variance analysis, with logarithmically transformed quality control measurements across all batches (32), the estimated overall (intrabatch and interbatch) coefficient of variation percent of the 25(OH)D assay was 4.7%.
Assessment of diet, vitamin/mineral supplements, and baseline characteristics
At the initial screening exam, study subjects completed a self-administered baseline questionnaire that included medical history, family history of cancer, reproductive history, hormone and oral contraceptive use, tobacco use, use of selected drugs, height, weight, physical activity, and exposure to other risk factors. Dietary intake was assessed using a food frequency questionnaire, which used a grid format to determine the frequency of 137 food items over the past 12 mo, 77 of which inquired about usual portion size. 5 Supplemental vitamin and mineral use was assessed for 14 types of supplements by asking number of pills and whether the supplement was taken currently or 2 or 5 y ago for each supplement. Supplemental vitamin D use and dose was derived from the multivitamin (e.g., one-a-day and therapeutic or high-dose type-100% Recommended Dietary Allowance) and vitamin D supplement (including in combination with calcium) questions.
Statistical analysis
We compared the distribution of selected characteristics of the cases and controls using the Wilcoxon rank sum test for the continuous variables and χ 2 tests for categorical variables (Table 1) . Means and proportions of baseline characteristics among the controls across 25(OH)D quintiles were calculated to help identify potential confounders (Table 2) . Variables examined in analyses and/or as potential confounders in risk models were age; smoking status (never, former, current) and history (number of cigarettes smoked per day, years smoked, pack-years, smoking cessation); education; height, weight, body mass index (BMI); history of diabetes, gallbladder disease, dietary nutrients from foods (energy, carbohydrate, fat, saturated fat, ω-3 fatty acids, saturated fat, calcium, vitamin D, folate), multivitamin use, supplements (folic acid, vitamin D, and calcium), and total (folate, vitamin D, calcium, and vitamin A quantified in retinol equivalents); vitamin D-containing foods (fish, milk, eggs, and margarine), red meat, and alcohol intake; physical activity; season; and UVB residential region at study entry. BMI was categorized to be consistent with the WHO obesity classifications as <25 (normal), 25 to <30 (overweight), and >30 kg/m 2 (obese; ref. 33). Table 1 Selected baseline characteristics of case and cohort control subjects (median and interdecile range or number and proportion) (35) . The meters were calibrated to an action spectrum that parallels that which causes human skin erythema or damage and provide readings that weights the UVB wavelengths by their relative erythema response (35) . R-B units consider latitude, altitude, and cloud cover (35) .
Conditional logistic regression was used to calculate odds ratios (OR) for pancreatic cancer with subjects in the lowest quintile as the referent. Multivariable models were developed by individually adding covariates to disease and the risk factor and changed the point estimate of risk >10%. BMI was included in the models because it is considered a putative risk factor for pancreatic cancer. Recent multivitamin use or total retinol equivalents for vitamin A intake were not significantly associated with pancreatic cancer and did not confound the 25(OH)D/pancreatic cancer association. The final multivariable models included BMI (median trend of WHO categories) and smoking (never, former quit >15 y ago, former quit <15 y ago, current). We also conducted a lag analysis that excluded the cases that occurred during the first 2 and 5 y of follow-up to evaluate the potential influence of preclinical disease on the association between vitamin D concentrations and pancreatic cancer.
Effect modification of 25(OH)D status on pancreatic cancer risk by season, residential regions (low or moderate/high estimated UVB annual exposure), smoking status (never, former, current or never, ever), sex, physical activity, and retinol equivalents of total vitamin A intake (median split of controls and continuous) was evaluated with crossproduct terms of vitamin D status quantile trend with the modification variables in multivariable models and stratified analyses. For analyses stratified by season, quintiles for vitamin D status were examined based on (a) the distribution of all the controls, (b) the distribution of controls within each season strata, and (c) merging subjects in the season-specific vitamin D quintile categories together with dummy variables. For evaluation of effect modification by smoking and residential region (factors not matched), we calculated ORs for the joint effects of 25(OH)D concentrations with smoking and residential region, respectively. As very few subjects were current smokers, the smoking interaction was performed using the median split of 25(OH)D concentrations in the controls.
All statistical analyses were performed using Statistical Analytic Systems software and statistical tests were two tailed. Because cases and controls were matched and we used conditional logistic regression, all risk estimates should be interpreted as adjusted for the matching factors (age, race, sex, and date of blood draw).
Results
Cases and controls were similar with respect to most baseline characteristics shown in Table 1 . Compared with the controls, cases more often reported being a current smoker (P < 0.0002). Cases and controls did not significantly differ by 25 Table 4 ). In the joint effects models, among subjects with low estimated annual UBV residential exposure, higher compared with lower 25(OH)D concentrations were positively associated with pancreatic cancer (compared with first quintile, the ORs for each respective quintile were 2.52, 2.33, and 4.03; 95% CI, 1.38-11.79), whereas among subjects with moderate to high residential UBV exposure, 25(OH)D concentrations were not associated with pancreatic cancer. Table 4 ORs and 95% CIs for the joint effect of baseline serum 25(OH)D concentration and pancreatic cancer by residential regions
There was no significant interaction of 25(OH)D status and pancreatic cancer by smoker status (P interaction = 0.25), sex (P interaction = 0.27), physical activity (P interaction = 0.66), or total vitamin A intake (P interaction > 0.93; data not shown).
Discussion
We did not observe a reduced risk between prediagnostic vitamin D status, as assessed by 25(OH)D concentrations, and pancreatic cancer risk in this nested case-control study conducted in an American population of men and women. Overall, the highest quintile of vitamin D status was associated with a nonsignificant 45% increased pancreatic cancer risk compared with lower vitamin D status. The positive association seemed somewhat stronger and U shaped with exclusion of cases that occurred during the first 5 years of follow-up. The associations tended to be stronger among participants who had their blood collected during the fall and winter months compared with those collected in the spring and summer months. We observed a significant interaction of the association between 25(OH)D and pancreatic cancer by estimated annual residential exposure to solar UVB light (P interaction <0.015) such that significant positive associations were observed with increasing 25(OH)D concentrations among those living in areas of low annual solar UVB exposure, whereas no gradient of risk was observed among those living in regions with moderate to high annual solar UBV exposure. None of the associations showed significant trends across quantiles.
In the nested case-control study conducted in the ATBC population of male Finnish smokers, higher prediagnostic serum 25(OH)D concentrations were associated with a close to 3-fold risk of pancreatic cancer in men with concentrations >65.5 nmol/L compared with those with concentrations <32.0 nmol/L (OR, 2.92; 95% CI, 1.56-5.48; P trend = 0.001) and risks were stronger among men who had their blood drawn in the winter season (29) . Although positive associations were observed for pancreatic cancer in the present PLCO study, they were not as strong as that observed in the ATBC study. Notable differences between the ATBC and the PLCO populations include gender, smoking history, and geographic location. We did not observe significant interactions by gender or smoking status in the present study; however, we have limited power to observe interactions by smoking because few subjects are current smokers (35 cases and 25 controls). The associations that we observe are therefore primarily in nonsmokers. Overall, men in the ATBC study had considerably lower vitamin D status compared with those in the PLCO study, which is likely explained by Finland's northern latitude (60°) with less solar UVB photon exposure compared with the locations of the PLCO screening centers (21° in Hawaii to 44° in Minnesota (36) (37) (38) (39) . In addition to the ATBC pancreatic cancer study (29) , several well-conducted studies in varying populations have reported subjects with lower measured 25(OH)D concentrations or in the range of vitamin D deficiency (<25 nmol/L) relative to higher concentrations being associated with a reduced risk for prostate cancer (40) (41) (42) and esophageal squamous cell cancer (43) and dysplasia (44) . The subjects in some of these studies had relatively low average vitamin D status (29, 40, 43, 44) . Given the similarity of results in these studies, it is possible that a mechanism related to low vitamin D status, such as its connection with growth factors (22, 23, 45) , might influence the promotion of tumor growth (29) . Mechanisms that may explain these associations are highly speculative because there is a lack of understanding of the molecular mechanism by which 1,25(OH) 2 D and the VDR regulate the expression of genes involved in carcinogenesis.
The positive association in the present PLCO study with increasing 25(OH)D concentrations among those having blood collected in the fall and winter months and among subjects living in residential regions at northern latitudes with low estimated annual solar UVB light exposure (i.e., Michigan, Minnesota, and Wisconsin with R-B units ≤105) is similar to the previous ATBC results (29) . Stratifying by season and geographic residence are methods to address misclassification due to seasonal variation and within-person variability from sun exposure in warmer climates. Vitamin D status is predominantly determined by solar UVB exposure and known to display seasonal variability (7) . Other studies have also reported more pronounced cancer associations among subjects who donated blood during the fall/winter months than the spring/summer months (29, 46) . Individuals with high vitamin D concentrations during the sunny months may have either high or low vitamin D concentrations during the winter months, whereas those with high 25(OH) vitamin D during the winter months may have consistently higher vitamin D status throughout the year, regardless of season (46) . The misclassification of exposure during the sunny months could also explain the stronger associations among subjects who provided blood in the darker months. Kimlin and colleagues determined -vitamin D UV‖ radiation across varying latitude, throughout the year, within the United States using measurements from the U.S. Environmental Protection Agency Brewer Spectrophotometer network (47, 48) . Within the United States, vitamin D UV is relatively high at lower latitudes with warmer climates compared with higher latitudes and does not vary by season (47, 48) . Therefore, the geophysical data support that subjects residing at low latitudes with sunny warm climates have vitamin D UV exposure that could sustain efficient vitamin D synthesis with incidental sun exposure throughout the year. The latter could contribute to greater within-person variability for ambulatory individuals. This could account for the lack of association that we observe among participants residing at lower latitudes with greater estimated annual UVB exposure.
The strength of our study is that it is prospective with vitamin D status being assessed up to 11 years before cancer diagnosis, thereby reducing the influence of reverse causality. The PLCO cohort on average does not have extended follow-up (up to 11 years; median, 5.4 years) and the pancreatic cancer risks we observed may become stronger with extended follow-up as evident in the lagged analysis. Our study has internal validity as both cases and controls are derived from the same cohort. (10) , which lends external validity to our results. Residual confounding by cigarette smoking is possible, however, not likely because few subjects are current smokers and current smoking tended to be associated with lower rather than higher vitamin D status. In addition, former smoking was not significantly associated with pancreatic cancer in our study (former compared with never smoker OR, 1.08; 95% CI, 0.64-1.78). Men and women, as well as never, former, and current smokers, were included in this study, making our results generalizable to the American population. Finally, we cannot exclude the possibility that a correlate to serum vitamin D status that is unknown and not controlled could explain the association we observe.
In conclusion, we did not confirm the strong positive association between 25(OH)D and pancreatic cancer observed in the earlier study in male Finnish smokers. The increased risks among participants who had their blood drawn during the winter months and living in regions with estimated low UVB exposure are similar to the previous study; however, the result should be interpreted with caution. Neither study results support the hypothesis that higher vitamin D status plays a protective role in pancreatic cancer carcinogenesis. More epidemiologic research is needed, particularly large prospective studies that relate vitamin D status to pancreatic cancer in populations with a wide range of 25(OH)D concentrations and can better evaluate interactions by residential UVB solar exposure and smoking status. There are also many research gaps in the understanding of the role of vitamin D in carcinogenesis, particularly related to benefits and possibly harm with greater vitamin D exposure (36) (37) (38) . Therefore, caution is warranted before public health recommendations related to cancer prevention can be established about increasing vitamin D levels in healthy individuals as well as cancer survivors.
